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The influence of surface modification by ion implantation on oxygen transfer in yttria-stabilized zirconia (YSZ) has been 
studied. Implantation of 15 keV 56Fe in YSZ with a maximum dose of 8 X 10 ~6 atoms cm 2 yields reproducible surface layers of 
approximately 20 nm deep with a maximum Fe cation fraction of 0.5 at the surface. After annealing these layers are stable up to 
700-800°C. The exchange current densities for the Fe-implanted layers, measured using porous gold electrodes, are a factor of 
10-50 larger than observed for not-implanted YSZ. tsO isotope exchange xperiments show that for Fc-implanted samples the 
surface oxygen exchange rate is at least a factor 30 larger than for normal YSZ. The electrode kinetics has been studied for normal 
and implanted YSZ using current-overvoltage m asurements and impedance measurements under bias. An electrode reaction 
model for the transfer of oxygen has been developed. This model is able to explain the low frequency inductive loop in the 
impedance diagram which is observed at high cathodic and anodic polarizations for implanted as well as normal YSZ. 
I. Introduction 
Yttria-stabilized cubic zirconia (YSZ) is one of 
the oxygen conducting solid electrolytes used mostly 
on actual applications uch as oxygen sensors and 
oxygen pumps, solid oxide fuel cells (SOFC) and 
electrochemical reactors. In all these applications the 
electrode characteristics of the electrode-electrolyte 
combination are crucial for the overall performance 
of the electrochemical systems. In sensor applica- 
tions often platinum is used as electrode material, 
but due to its high cost and its lack of mechanical 
stability at high temperatures it is replaced by mixed 
(ionically and electronically) conducting perovskite 
materials, in current producing or drawing applica- 
tions. However the lattice expansion coefficients of 
these electrode overlayers must match those of the 
stabilized zirconia substrates. Instead of applying 
mixed conducting electrode layers on the electrolyte 
surface an alternative approach is the direct modi- 
fication of the electrolyte surface in order to obtain 
a mixed conducting surface layer. 
The surface properties of solid electrolytes can 
readily be changed by ion implantation, a technique 
well known from modern semiconductor technology. 
The doping of surface layers with a high energy ion 
beam ( 15-100 kV ) has several advantages: 
(i) dopant levels exceeding the solubility limit in 
the matrix for almost any element can be achieved: 
(ii) meta-stable compounds can be formed; 
(iii) the dopant depth profile can be controlled by 
adjusting the implantation conditions (dose and im- 
plantation energy ); 
(iv) by scanning the ion beam across the surface 
laterally highly homogeneous dopant concentrations 
are obtained; 
(v) under computer control, intricate patterns 
(e.g., interdigitated electrode configurations ) can be 
produced with high precision; 
(vi) the microstructure of the matrix can be al- 
tered through the formation of finely dispersed pre- 
cipitates with nanoscale dimension. 
The depth distribution (profile) of the implanted ion 
can be analyzed using dynamic SIMS (secondary ion 
mass spectrometry) or RBS (Rutherford backscat- 
tering). The latter method has the advantage of being 
nondestructive. With SIMS precautions must bc 
taken to prevent diffusion of the dopant under in- 
fluence of charge build-up during the sputtering 
process. 
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As the dopant profile is in principle Gaussian 
shaped, no sharp interface between the unperturbed 
matrix and the implanted layer exists. This may be 
of advantage in electrochemical systems, as a sharp 
interface can give rise to a boundary resistance for 
the mobile ion. 
Burggraaf et al. have discussed the use of ion im- 
plantation techniques for surface modification of ce- 
ramic materials in ref. [ 1 ], and the influence of im- 
plantation on their electrical and catalytic properties 
in ref. [2]. A disadvantage of ion implantation is that 
it is not well suited for large scale applications, e.g., 
implantation of large surface areas in the production 
of SOFC stacks. However, it is excellently suited for 
use in the rapidly developing area of micro-ionics 
where electronic ontrol circuitry is integrated with 
solid state electrochemical sensors. 
In this paper an overview is given of the prepa- 
ration and characterisation f ion-implanted YSZ, 
and the influence of this surface modification on the 
electrochemical characteristics of the 02,Au/YSZ 
electrode-electrolyte system. 
2. Ion implantation and profile determination 
The samples used in this study were prepared from 
YSZ powder (Zircar type ZYP) with composition 
(ZrOz)o.87(YOi.5)o.J3 following standard proce- 
dures [3]. Implantation was carried out on poly- 
crystalline polished disks (10 mm diameter, 1 mm 
thickness) cut from a 99% dense (5.89 g cm -3) rod 
of YSZ. 
In the implantation process an ion beam is gen- 
erally formed from a plasma of a suitable gaseous 
compound of the implanted ion. The positive ions 
are extracted, accelerated, separated in a magnetic 
sector mass selector and focused onto the target. Be- 
cause of the mass separation, pure isotopes are im- 
planted. This is an advantage for M6ssbauer exper- 
iments, where a layer implanted with the M6ssbauer 
active 57Fe nucleus significantly increases the signal 
to noise ratio [4]. 
For low dose implantations the implantation pro- 
file has a Gaussian shape. With increasing beam en- 
ergy the profile broadens and the profile maximum 
moves further into the target. With increasing im- 
plantation dose (atoms cm -2) the target surface is 
sputtered away significantly. This virtually shifts the 
implantation profile towards the surface. A compre- 
hensive treatment of the implantation process is given 
in refs. [5,6]. Using a low implantation energy (e.g., 
15 keV) and a high dose (e.g., above 1016 atoms 
cm -2) high surface concentrations can be obtained. 
The maximum dopant concentration is reached when 
the number of atoms or ions sputtered away equals 
the number of ions implanted. The maximum con- 
centration of the implanted ions is then inversely 
proportional to its sputter yield in the compound. 
Previous studies [7,8] have shown that by im- 
plantation of 56Fe in YSZ at 15 keV with a dose of 
8× I0 ~6 atoms cm -2 a profile of about 20 nm deep 
is obtained with a maximum Fe cation fraction, i.e. 
[Fe]/(  [Fe] + [Zr] + [Y] ), of 0.5 at the surface. The 
resulting implantation profiles were established with 
Rutherford backscattering (RBS) [9], which is ef- 
fectively a nondestructive method of surface analy- 
sis. The depth resolution of the used setup was 12 
nm (FWHM). The 56Fe implantation profile for a 
sample annealed and re-oxidized at 400°C for ½ hour 
(see below) is presented in fig. 1. Integration of the 
profile area yields a total implantation of 3 × 10 ~6 at- 
oms cm -2. The remainder (5× 10 j6 atoms cm 2) of 
the implanted Fe ions has been sputtered away dur- 
ing the high dose implantation. 
During the implantation large numbers of defects 
are created in the host lattice. Above a certain im- 
plantation dose the accumulation of defects can re- 
sult in a transformation to an amorphous state of the 
implanted layer. Generally this amorphous layer can 
be recrystallized by annealing at high temperature. 
TEM diffraction analysis of the Fe-implanted layer 
showed, however, that the layer remained amor- 
phous even after annealing at I I00°C during 30 
minutes [9 ]. 
3. Characterization and thermal stability of the 
implanted layer 
Earlier studies on implantation of the M6ssbauer 
active 57Fe isotope in YSZ, using conversion elec- 
tron M6ssbauer spectroscopy (CEMS) [ 4,10 ], have 
shown that, in the "as-implanted" state, iron is pres- 
ent in the Fe °, Fe 2+ and Fe 3+ valence state. An- 
nealing at 400°C (½ h) results in rapid oxidation of 
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Fig. 1. Fe depth profile (cation fraction), as measured by RBS, 
for a sample annealed at 400 °C in air. The broken line represents 
the solubility limit for Fe in YSZ at 1500°C in air. The solid line 
represents the diffusion profile fitted to the data with eq. ( 1 ). 
all Fe to Fe 3+. For the oxidized samples these CEMS 
studies indicated two types of Fe 3+, small paramag- 
netic Fe203 precipitates (< 5 nm) and Fe 3+ substi- 
tuted on a Zr  4+ site in the YSZ lattice [4]. 
XPS measurements combined with intermediate 
argon beam sputtering (depth profil ing) showed a 
larger Fe surface concentration than was apparent 
from RBS analysis, see fig. 2. This high surface con- 
centration was confirmed by ion scattering spectros- 
copy (ISS). This technique probes the composit ion 
of the outermost surface layer. These measurements 
show that the surface of the implanted region con- 
sists mainly of Fe203 [9 ]. Due to the l imited depth 
resolution this could not be observed by the RBS 
technique. The Fe203 surface layer was estimated to 
be less than 2 nm thick. The resulting distribution of 
Fe implanted in YSZ is schematically presented in 
fig. 3. XPS analysis of "as- implanted" samples 
showed loss of oxygen in the surface layer due to 
preferential sputtering of oxygen during implanta- 
tion. A small fraction of the zirconium was reduced 
to Zr 2+ in the "as- implanted" state. 
In a series of annealing experiments performed be- 
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Fig. 2. Fe depth profile (cation fraction ), as measured by XPS. 
The solid line represents he RBS depth profile of fig. 1. 
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Fig. 3. Schematic representation f the Fe distribution i  YSZ 
for a sample annealed at 400°C. 
tween 800 and 1400°C the stability of the implanted 
Fe profile was studied [ 9 ]. The profiles modif ied by 
diffusion of Fe were measured with RBS. An ex- 
ample is given in fig. 4. As it is a nondestructive 
technique, the diffusion of the Fe profile could be 
followed in one sample. All samples were first an- 
nealed and re-oxidized at 400°C (½ h). An initial 
diffusion profile was calculated using the equation 
for the diffusion of a source of l imited extend into 
a semi-infinite medium [ 11 ]: 
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where the parameters Co, h, D and to were adjusted 
to get an optimum fit with the implantation profile 
after anneal at 400°C (solid lines in figs. 1 and 4) 
[9]. The diffusion profiles, obtained with RBS after 
a fixed time anneal (depending on the anneal tem- 
perature) at temperatures between 800 and 1400 ° C, 
were again analyzed with eq. (1) by adjusting the 
same set of parameters. Fig. 4 represents an example 
of the measured and simulated (solid line) diffusion 
profile after a final anneal at 1141 °C for 7 min. The 
resulting diffusion coefficients obey the following 
Arrhenius expression: 
D= (1 .3+0.6)× I0 -7 
×exp( (1 .9+0.2)  × 102 kJ mo l -~/RT)  cm 2 s -~ . 
(2) 
This expression, however, is only valid for this spe- 
cial case of supersaturated Fe203 in an amorphous 
YSZ matrix and cannot be compared to the diffu- 
sivity of Fe in crystalline YSZ. 
For the electrochemical experiments it is impor- 
tant to know up to which temperature the decrease 
in the Fe surface concentration remains negligibly 
small over a prolonged period of time. Using eq. (2) 
this limiting temperature was estimated. Assuming 
a change of less then 10% in the Fe surface concen- 
tration (as measured by RBS) over a period of 24 
hours to be sufficient as criterion, a maximum op- 
erating temperature of approximately 700°C was 
obtained [9 ]. However, after an initial decay the dif- 
fusion will slow down as the gradient in the profile 
decreases with time. 
4. Electrical conductivity 
The main aim of the ion implantation is to estab- 
lish a mixed, electronically and ionically, conducting 
layer at the YSZ surface. Separating the electronic 
and ionic contributions from the total conductivity 
is rather difficult for oxygen-ion conducting mate- 
rials. This is especially true for the case of a very thin 
(20-30 nm) mixed conducting layer on top of a 
super-ionic onductor like YSZ. In order to obtain 
an estimate of the mixed conductivity, experiments 
were performed on thin (50-60 nm) RF-sputtered 
layers of YSZ on polished alumina substrates [ 3,12 ]. 
Measurement of the total conductivity was carried 
out with a four-point technique with Pt electrodes. 
To minimize the influence of surface conductivity 
the measurements were performed in N2 (Po2 = 1 × 
10 -5 atm). As the electronic conductivity will be 
Po2 dependent, measurements in H2 (Po2 = 1 × 10 -25 
arm) were also carried out. 
The total conductivity of the not-implanted films 
was Po2 independent and about one order of mag- 
nitude smaller than found for polycrystalline YSZ. 
For the 15 keV Fe-implanted thin layers almost the 
same conductivity as for the not-implanted layers was 
observed, as shown in fig. 5. Reduction in H 2 de- 
creased the conductivity, most noticeably at lower 
temperatures. By implanting Fe at 50 keV (also at 
a dose of 8× 10 ~6 atoms cm -2) a buried layer is ob- 
tained. For these samples the conductivities mea- 
sured in N 2 and in H 2 were  both virtually identical 
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of polarization (bias) using a standard three-elec- 
trode arrangement [3,13]. As platinum possesses a 
high activity for dissociative adsorption of oxygen, 
Pt electrodes can have a significant influence on the 
electrode reaction rate. Therefore sputtered gold 
electrodes, which show very little activity for (dis- 
sociative) adsorption of oxygen, were used in this 
study. The sputtered gold electrodes, and hence also 
the Fe-implanted samples, were annealed for 12 hours 
at 820°C and subsequently for two weeks at 769°C. 
The possible change in the Fe implantation profile 
has not bee'n checked. 
Fig. 6 shows a typical polarization curve for the 
O2,g,Au/YSZ system, and for the O:,g,Au/Fe-YSZ 
system, both recorded at 769°C and 1 atm oxygen. 
The Fe-implanted electrode system clearly shows a 
significantly larger polarization current han the Au/  
YSZ electrode. The general form of the polarization 
curves are, however, rather identical as can be seen 
from the Tafel plots in fig. 7. The exchange current 
densities, Io, increase by a factor of 10-50 upon Fe 
implantation, as can be seen from the Arrhenius plot 
of the I0 in fig. 8. The polarization curves can be de- 
scribed with a Butler-Volmer type equation, 
Fig. 5. Conduct iv i ty  o f  Fe - imp lanted  YSZ f i lm 
( 8 X 10 J 6 a toms cm-  2 at 15 keV, annea led  at 850 ° C in a i r )  mea-  
sured in N2 (Po2 = 1 X 10 -5 a rm)  and  H2 (Po2 = 1 X 10 25 a tm)  
gas. The  conduct iv i ty  o f  a not - imp lanted  f i lm is shown for 
compar i son .  
l= lo [exp(aaq/RT) -exp( -~,~l /RT)  ] . (3) 
The cathodic charge transfer coefficients, ~,, range 
between 0.5 and 0.6 for both electrode systems. The 
anodic values are much higher, ranging from 1.7 to 
to that for the 15 keV implanted sample measured 
in H2 [3,12]. This suggests that the ionic conduc- 
tivity of the RF-sputtered YSZ layers is further de- 
creased by Fe implantation due to the substitution 
of Fe for Zr in the YSZ lattice. As the 50 keV im- 
planted layers showed a Po2 independent - and hence 
ionic - conductivity only, it seems reasonable to as- 
sume that the Po2 dependent - and hence mainly 
electronic - conductivity observed in the 15 keV im- 
planted layer is (mostly) due to the 2 nm thin Fe203 
top layer. 
5. E lec t rode  proper t ies  
Both implanted and not- implanted samples were 
studied using dc polarization ( I -V )  measurements 
and impedance measurements under different levels 
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2.2 for the Au/YSZ system, and varying around 2.3 
for the Au/Fe-YSZ system. This leads to a sum of 
the charge transfer coefficients which is not an in- 
teger. Hence the electrode reaction theory developed 
by Bockris and Reddy [ 14,15 ] cannot be applied di- 
rectly to these systems. 
The ac response of the electrodes was measured in 
the frequency range 10 mHz to 100 kHz. Electrode 
impedances were recorded at several bias levels 
ranging from q=-0 .6  V cathodic to q=0.2 V an- 
odic. Typical examples of impedance spectra, re- 
corded at 769°C and Po2 = 1 arm, are presented in 
fig. 9 for the O2,g,Au/YSZ electrode and in fig. 10 for 
the O2,g,Au/Fe-YSZ electrode. The strong similarity 
between both sets of spectra is obvious. Both sets of 
impedance diagrams show inductive loops devel- 
oping at cathodic overpotentials more negative than 
-0 .1  V. Small inductive loops are also observed at 
increasing anodic potentials ( >_ 0.1 V). With a care- 
ful NLLS-fit analysis [ 16 ] all data could be resolved. 
The "equivalent circuits" giving the best fit results 
are presented in fig. 11. They are identical except for 
an extra branch (R~-CPEb fig. 11 b) which is re- 
sponsible for the semicircle at the high frequency end 
for the Fe-implanted electrode system (fig. 10). This 
small but significant contribution to the overall dis- 
persion is tentatively attributed to the implanted 
layer-crystalline YSZ boundary [ 17 ]. 
The double layer capacitance, (~  (fig. 11 ), is a 
pseudo capacitance represented by a constant phase 
element (CPE). In the admittance representation the 
dispersion relation for a CPE is 
YcPE = Yo( jo J )  " , (4) 
where Yo = Cd~ for n = 1. The exponent n ranges from 
0.8 to 0.9 for both systems. At zero bias, Yo for the 
Fe-YSZ sample is about a factor of 10 larger than for 
the normal sample. For increasing cathodic polari- 
zations this increases to a factor of 100 [ 17 ]. 
The charge transfer esistance, Re,, for the Fe-YSZ 
sample is about 8 to 12 times smaller than for the 
regular YSZ sample, the variation being due to a 
small difference in the activation energies. Also Re, 
for the Fe-YSZ has a (Po2)" dependence with 
m=0.25 while for the normal YSZ m varies from 
0.53 (0.01 >Po_~ > 1 atm) to below 0.25 for Po2 be- 
low l0  -4  atm [ 13]. For both systems a similar ex- 
ponential dependence on t/ is observed for Re, re- 
lated to the anodic and cathodic charge transfer 
coefficients, eq. (3) [ 13,17 ]. 
The sub-circuits formed by R2-CPE2 and R3-CPE3 
are attributed to the electrode reactions. R2 has a 
similar dependence on q as Re,, for Fe-YSZ its value 
is also about a decade smaller than found for normal 
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YSZ. The Yo values of the corresponding CPE differ 
somewhat less. The exponents n2 are about 0.6, pos- 
sibly indicating that diffusion is involved. The sub- 
circuit R3-CPE3 is not present at zero bias. With in- 
creasing cathodic polarization it changes from ca- 
pacitive behaviour (n3>0)  to inductive behaviour 
(n3<0) .  The absolute value of.n is then again close 
to 0.5 indicating the influence of diffusional pro- 
cesses [ 13,1 7 ]. 
A comprehensive analysis of the polarization and 
impedance measurements is given in ref. [ 13] for 
the 02.g,Au/YSZ electrode, while a detailed com- 
parison between the Fe-implanted and the not-im- 
planted system is given in ref. [ 17 ]. 
6. Surface oxygen exchange properties 
The exchange current density, lo, is equal to the 
anodic and (opposite) cathodic current densities 
when no driving force is applied at the electrode (zero 
bias). If the adsorption and dissociation of oxygen 
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takes place at the electrolyte surface then Io is related 
to the surface oxygen exchange rate, ks, (given in mol 
cm -2 s -1) through 
I o=4Fks .  (5) 
The validity of this relation has been demonstrated 
for erbia-stabil ized bismuth oxide, where the ex- 
change current density for a co-pressed gold gauze 
electrode could almost quantitatively be equated to 
the surface oxygen exchange rate, ks, [18,19]. This 
is not the case for stabil ized zirconia with porous Pt 
electrodes as the dissociative adsorption of oxygen 
predominantly takes place at the platinum electrode 
surface [20,21 ]. For this electrode-electrolyte sys- 
tem Io was found to be almost 103 times larger than 
4Fks [22]. 
The rate of oxygen exchange between a solid sam- 
ple and the ambient can be measured accurately us- 
ing an 180 isotope exchange technique. The oxygen 
exchange rate and exchange mechanisms have been 
measured for a large number of metal oxide pow- 
ders, mainly with respect o their catalytic proper- 
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Fig. I I. Equivalent circuits used in the NLLS-fit analysis of the 
impedance data. (a) for the not-implanted YSZ, (b) for the Fe- 
implanted YSZ. 
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ties, e.g. ref. [23]. Recently, measurements have been 
perlbrmed on solid samples using gas phase analysis 
during exchange [24,25] and by dynamic SIMS 
depth profiling after a fixed time exchange and sub- 
sequent quenching [26,27 ]. In the latter method both 
the tracer diffusion coefficient and the oxygen ex- 
change rate can be obtained. 
In order to compare the influence of Fe implan- 
tation on the oxygen exchange rate the exchange was 
measured on an implanted YSZ sample and a nor- 
mal YSZ sample (both solid disks). The oxygen ex- 
change rate for the YSZ sample was too small to be 
measured from the gas phase analysis, for the Fe-YSZ 
sample the exchange could be measured, see fig 12. 
In the analysis fast diffusion of oxygen in the YSZ 
sample is assumed. This reduces the complex dif- 
ferential equations to the solution of a simple dif- 
fusion problem [24,25]. SIMS depth profiles, mea- 
sured to a maximum depth of 2 pm, indeed showed 
flat ~sO profiles. Resulting ks values for the (Fe -  
)YSZ disks are presented in the second (gas phase 
analysis) and third (SIMS) column of table 1. The 
last column presents the ks values obtained from the 
exchange current densities using eq. (5). These val- 
ues are a factor 10 smaller than those observed by 
gas phase exchange analysis or SIMS. For polycrys- 
talline (not- implanted) YSZ, Steele et al. [22] re- 
ported a value of 3× 10-"~ mol cm --2 s - t  (700c'C, 
1 arm) which compares reasonably well with our re- 
suits. They found, however, that the reproducibil ity 
of the k S values was rather poor for this material. Our 
own measurements on two types of  powdered YSZ 
samples (BET surfaces 29 and 0.6 m2/g, respec- 
tively) gave the much lower values of 1-2× 10 t 
mol cm 2 s ~ for /% in better agreement with the 
"electrochemical" value. 
As the surface of the implanted samples consists 
mostly of Fe203, the oxygen exchange rate was also 
measured for 0t-Fe203 powder (BET surface 0.6 m2/ 
g), In comparison with YSZ the oxygen diffusion is 
very low in ff.-Fe203, hence the exchange with the bulk 
is strongly l imited by diffusion control. The disso- 
ciative adsorption rate, kd (~homomolecu lar  ex- 
change rate, i.e., exchange between adsorbed oxygen 
only) for oxygen can still be obtained. The value for 
ka (4×10 -~°molcm -es  'a t760°C,  table l ) com-  
pares quite well with the extrapolated value of 
6X I0  ~0 tool cm-2 s ~ obtained from published 
values (Muzykantov el al. [ 23 ] ). Comparison of the 
ka value for pure Fe203 with the ks value for Fe-YSZ 
shows that the thin Fe203 outer layer on the YSZ 
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Table 1 
Surface oxygen exchange rate (mol cm -2 S - I  ) for YSZ (13 at% Y) and Fe-implanted YSZ at 760°C and Po2=0.25 atm. The 
electrochemically measured exchange current density has been recalculated toan oxygen exchange rate. For comparison the exchange 
rate on powdered Fe203 is included. Mass spectrometry efers to gas phase analysis with a quadrupole mass spectrometer, SIMS to t80 
diffusion profile measurements using a dynamic SIMS. 
Sample Powder 
technique mass spectrometer 
Pellet 
mass spectrometer SIMS electrochemical 
YSZ 1-2× 10 -~ not measured 0.4-3× 10 -~° 1 × 10 ~ 
Feimpl.YSZ 2.3X l0 -9 5-6× 10 -9 2-4X 10 -I0 
Q-Fe203 4× 10 -l°a) - - - 
a) Dissociative adsorption rate, bulk exchange is limited by low oxygen diffusion rate in ct-Fe203. 
sample  does not  have the "bu lk"  propert ies  of  pure 
Fe203. 
7. Redox behaviour 
The reduct ion /ox idat ion  potent ia l  o f  the Fe- im-  
p lanted layer was s tud ied us ing cyclic vo l tammetry  
[28 ]. In order  to prevent  rap id  ox idat ion  f rom the 
gas phase the measurements  were carr ied out  in ni- 
t rogen gas with a res idual  Po:  o f  1 .4× 10 -6 atm. A 
typical vo l tammogram easured  at var ious scan rates 
is presented in fig. 13. It is clearly seen that  the re- 
duct ion  of  the Fe 3+ to a lower ox idat ion  state pro- 
ceeds relat ively rapid ly  in compar i son  wi th  the re- 
ox idat ion.  Fo l lowing the classical theory  for semi- in-  
f inite l inear  d i f fus ion [29] ,  the peak current ,  Ip, is 
p ropor t iona l  to the square root of  the sweep rate, 
Ip = 0.4463nFA [ ( nF /  R T)Do Co v] 1/2. (6)  
From a plot o f lp  versus the square root  o f  the sweep 
rate, v, the d i f fus ion coeff ic ient,  Do, can be obta ined.  
I I I I I I I I I I 
backward 
-°'s f 
% 
k-/ 
-1,0 
2o~o- sweep 
l 80~ 0 I i I i I I I 1 1 
-600 -/~00 -200 0 +200 
ELEETRODE POTENTIAL(rnV) versus lafrn 02(g) 
Fig. 13. Voltammograms, recorded at different sweep rates, for the Au/Feiimplanted YSZ electrode. Ambient is N2 (Po2 = 1.4 X 1016 atm ). 
Sweep rates are indicated in mV s- J. 
900 B.A. van Hassel et al. ~Ion-implanted YSZ 
E 
% -0,~ 
-0,6 
> 
~ 0,8 
~ -1,0 
o 
o 
o 
o 
6 Fe 0 + 0~2 Fe3Ot. 
2Fe÷O~2FeO 
t I 
0,8 0,9 1,0 1,1 1,2 
IO00/T {K -I) 
Fig. 14. Redox potential E ° (O) ,  obtained from cyclic voltam- 
merry experiments, asfunction of temperature. For comparison 
the thermodynamic coexistence electrode potentials of iron and 
iron oxide mixtures are given (drawn lines). 
By plotting 12 Tversus reciprocal temperature an ac- 
tivation energy of (3.0_+ 0.1 ) X 102 kJ mol- 1 is ob- 
tained for the product of the diffusion constant and 
the concentration, Co, of the diffusing species [28]. 
The redox potential, E ° (i.e., the mean of the ox- 
idation and reduction peak potentials, corrected for 
diffusional shifts [29] ), is presented in fig. 14 as a 
function of temperature, together with the thermo- 
dynamic oexistence potentials of the different iron 
oxides. Comparison indicates that the Fe203 oxide 
is reduced to the Fe304 oxide. Integration of the re- 
duction peak areas yields the amount of Fe 3+ that is 
reduced. Extrapolation to an infinitely slow sweep 
rate shows that virtually all implanted iron is trans- 
formed from Fe203 to Fe304. 
8. Discussion 
Implanted layers of Fe in YSZ can be prepared with 
very good reproducibility. Layers produced with high 
dose implantation (15 keV, 8X 1016 atoms cm -2) 
become amorphous. However, it is surprising that 
these layers remain amorphous even after annealing 
at 1100°C. Using eq. (2) to calculate the diffusion 
length (Dt) ~/2 for an annealing period of ½ h at 
800 ° C, a distance in the order of 3 nm is obtained. 
Fe203 precipitates of 10 nm should be discernable in
the transmission electron microscope. Apparently the 
formation of precipitates i  impeded by the absence 
of nucleation centres. Also no plateau at the solu- 
bility limit of Fe in YSZ is observed in the high tem- 
perature diffusion profiles. Identical morphological 
results were obtained with implantation of 48Ti ( 15 
keV, 8X10 ~6 atoms cm 2) in polycrystalline YSZ 
[3,9,30]. Only for Ag-implanted layers (50 keV, 
8× 1016 atoms cm 2) was recrystallization bserved 
after annealing at l l00°C. Here the original grain 
size of the polycrystalline YSZ (0.4 lam) was re- 
duced to about 20 nm, but silver precipitates could 
not be detected with EDS in the TEM [9]. The Ti- 
implanted YSZ samples did not show electronic on- 
ductivity at moderate oxygen partial pressures 
( 10 5-1 arm), in H2 atmosphere however a large (p- 
type) electronic onductivity was observed [12 ]. 
The electrode response of both systems is some- 
what unexpected. Both the similarity in the polari- 
zation curves and the almost identical shapes of the 
impedance diagrams uggest hat the electrode re- 
action mechanism for the 02.g,Au/YSZ system does 
not change significantly upon Fe implantation. As 
only the magnitude of the pertinent parameters 
changes by a factor of 10-50, it seems that the active 
electrode area increases upon Fe-implantation. A 
small increase in the electronic onductivity wilt in- 
crease the distance over which adsorbed oxygen spe- 
cies (O,d and/or Oad ) can diffuse to a reaction site. 
On the other hand, the increased surface oxygen ex- 
change rate, observed for the Fe-YSZ sample in the 
180 isotope exchange xperiments, can be inter- 
preted as an effective increase in the concentration 
of reaction sites at the surface, which again would 
lead to an increase in the electrode reaction rates. 
So far no inductive effects (connected with the 
electrode reaction mechanism) have been reported 
for electrode impedances measured on YSZ systems 
(at moderate oxygen partial pressures). Existing 
models [31,32] describing the oxygen transfer e- 
actions at the YSZ-noble metal interface do not pre- 
dict inductive loops in the impedance spectra [ 15 ]. 
In wet electrochemistry hese inductive (or negative 
capacitive) effects are frequently encountered and 
can be described with a two-step electron transfer 
model in which the intermediate species compete for 
adsorption sites [ 33 ]. For the oxygen reaction at the 
02.g,Au/YSZ electrode an analogous reaction model 
has been set up [ 15 ]. Assuming Langmuir type ad- 
sorption kinetics the following reaction steps and rate 
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constants can be defined: 
kad 
O2,gas  "1- 2Sad  ' ' 2Oad , 
kales 
kr2 
2X(Oad+e-  , ' O~) ,  
ko2 
kr3 
2X (O~+e-+Vo ~ O~ +Sad), (7) 
where Sad is an oxygen adsorption site. The rate con- 
stants kad and kdes are related to the Langmuir ad- 
sorption-desorption equilibrium. For the rate con- 
stants k.  and ko, Tafel-law behaviour is assumed, 
k,  = k~i exp ( - fl, n ,FE / R T ) ,  
ko, = k~, exp [ ( 1 - fl,) n,FE /R  T ] ,  (8) 
where fl~ is the asymmetry factor and n~ the number 
of electrons transferred. When the charge transfer is 
rate limiting, a dispersion relation can be derived. 
The total dispersion can be divided into three groups 
of dispersive elements: the charge transfer resis- 
tance, Rot, and the double layer capacitance, Cab an 
impedance connected to the degree of occupation of 
adsorption sites by O~a species, and an impedance 
related to the degree of occupation by O~ species. 
The polarization dependent change in occupation of 
the latter species causes the inductive loop at cath- 
odic polarizations. The polarization dependence of 
the fractional occupation of the two O~d species, 
based on a selected set of parameters [ 15 ], is pre- 
sented in fig. 15. With this set of parameters the gen- 
eral form of the impedance diagrams could be sim- 
ulated (fig. 16). 
Direct comparison of the theoretical model with 
the measured ata is not possible as the "equivalent 
circuit" representing the simulated ata, see fig. 17, 
is not compatible with those of the recorded imped- 
ance spectra. One must realize, however, that dif- 
fusional steps, possibly occurring simultaneously with 
the reaction steps, have not been included in the 
model. From the NLLSF analysis of the recorded ata 
it is quite clear that diffusion must play a role. As- 
suming that the charge transfer eactions will take 
place at the electrolyte surface over an area extend- 
ing out from the gold electrode, diffusion will be an 
important reaction step. 
This two-step electron transfer eaction model can 
only reproduce the cathodic branch of the polari- 
zation curve. An improved fit to the anodic branch 
could be obtained by assuming an extra, parallel, re- 
action step which should be strongly favoured in the 
anodic direction [ 15 ], 
O2 +Vo +3e-  , ' O~ +0~.  (9) 
This reaction step is meant as a special adsorption/ 
desorption reaction indicating a different pathway 
for the release of oxygen, it may consist of several 
consecutive rapid steps. The improvement in the 
modelling of the experimental results was, however, 
limited as the predicted Po: dependence of the ex- 
change current density became too small [ 15 ]. The 
implication of such an extra reaction path for the 
electrode impedance has not been evaluated. 
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Fig. 15. Fraction of coverage ofthe adsorbed oxygen species Oaa 
and Og-d as function ofoverpotential. 
9. Conclusions 
The high dose implantation (15 keY, 8X 1016 at- 
oms cm -2) of 56Fe in polycrystalline yttria-stabi- 
lized zirconia produces a thin, mixed conducting 
layer at the surface. From oxygen exchange xperi- 
ments it can be concluded that the number of re- 
action sites for oxygen exchange per unit area is in- 
creased. Because of this and the electronic 
conductivity in the surface layer (Fe203) the per- 
formance of an O2.g,Au/YSZ electrode system is in- 
creased by a factor of 10-50 times. All implanted Fe 
is electrochemically active and can be reduced to 
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Fig. 17. Schematic representation fthe "'equivalent circuit" cor- 
responding to the electrode impedance of fig. 16. 
Fe304. Due to this redox couple the double layer ca- 
pacitance increases significantly at decreasing oxy- 
gen partial pressures. 
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